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Abstract
From the manufactures point of view, sustainability and environment-related criteria of consumer products become key sales arguments. On the 
one hand, the customer expects reduced resource consumptions and eco-friendly characteristics of the product within the usage phase. On the 
other hand, the manufacturer is interested to place the product in the market considering an eco-friendly perception in comparison to competitor 
products in the same product spectrum. 
This paper outlines a concept to define continuous, discrete and/or nominal environment-related product characteristics and to estimate product 
groups for an environment-related comparison based on characteristic combination sets. Different sets of variables are carried out for the 
detection of product groups with regard to similar or diverse eco-related product perception in the usage phase. The application of the 
methodology is shown within a case study using the example of electric household appliances.
© 2016 The Authors. Published by Elsevier B.V.
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1. Introduction
The global demand for energy is increasing consistently 
due to rapid population growth as well as rising living 
standards associated to higher utilization of technology. 
Almost 80% of today’s energy is generated by burning the 
fossil fuels coal, oil and gas [1] which leads to global 
warming. As a consequence, the customers’ interest in eco-
friendly products has grown. Due to these new market 
requirements, manufactures focus on sustainable product 
development including reduced resource consumptions of 
products in the usage phase.
In the European Union, electric household appliances like 
refrigerators are labelled regarding their energy consumption 
[2]. For customers, the main advantage is the increase of 
product information resulting in the possibility of comparing 
different product models on a higher level while for 
manufacturers the labelling offers the chance to optimise 
marketing strategies especially concerning product placement.
One of the most important parameters regarding the energy 
consumption label is the energy efficiency class of a 
refrigerator representing its specific energy consumption 
including its annual energy consumption and its specific size. 
Considering fridge-freezers the annual energy consumption is 
measured for keeping a constant temperature of 5°C in the 
cooling- and -18°C in the freezer compartment. The specific 
size is calculated by weighting the storage volumes of 
different compartments such that the size of the freezer 
compartment has a higher impact on the specific size of the 
fridge-freezer then the cooling compartment.
The idea of this paper is to analyse the influence of 
different parameters on the sustainability such as the isolation 
of the fridge-freezer or the performance regarding cooling or 
freezing warm samples using cluster analytics, while the 
energy efficiency class refers merely to the annual energy 
consumption as well as the specific size of the fridge-freezer.
2. Goal of the study
The main goal of the study, which is presented in this 
paper, was to detect groups of different product models with 
similar characteristics in the usage phase. Similarities were 
found using cluster analytics concerning eco-related product 
parameters. The resulting groups represent product models 
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with equal or comparable characteristics with regard to the 
respective dependent variable (e.g. reliability aspects). 
Therefore, the customer and the manufacturer are enabled, to 
analyse various product models from these different points of 
view. Furthermore, the combination of these different 
approaches provides a new perspective regarding a 
summarising dependent variable of sustainability. The sub-
goals are as follows:
x Product groups with similar eco-characteristics
x Product groups with similar sustainable characteristics
Different sets of variables are carried out for the detection 
of the mentioned product groups. The application of the 
methodology is shown within a case study using the example 
of electric household appliances.
3. Base of operations
The analysis is based on a data set of 14 fridge-freezers. 
The data set contains data from the manufacturers regarding 
the storage volume, the airborne acoustical noise emissions 
and the annual energy consumption. Furthermore, 
experimental analyses were done by the University of 
Paderborn [3]. Parameters like the usable storage volume, the 
usable storage area and the energy consumption were 
measured. In addition the performance of the fridge-freezers 
regarding warming of their content after power loss 
(temperature rise test) and cooling and freezing of warm 
samples (cooling capacity test / freezing test) were analysed. 
Table 1 shows the product data and information at a glance.
Table 1. Overview of the data set used for the case study.
Manufacturer data
1 Storage volume [dmPP3] Not used in study
2 Annual energy consumption [kWh year-1] Not used in study
3 Airborne acoustical noise 
emissions
[dB] Not used in study
Product test results – University of Paderborn   
1 Storage volume [dm3] Not used in study
2 Specific storage volume [dm3] Used in study
3 Usable storage volume [dm3] Not used in study
4 Outer volume [dm3] Used in study
5 Usable storage area [cm2] Not used in study
6 Annual energy consumption [kWh year-1] Used in study
7 Specific energy consumption [kWh] Used in study
8 Energy consumption for cooling [kWh] Used in study
9 Refrigeration time [h] Used in study
10 Freezing time [h] Used in study
11 Warming time [h] Used in study
Table 1 contains the whole parameter set of the “fridge-
freezer” case study. Considering eco- and sustainability-
related aspects some of the data are not suitable. These 
parameters are not used in the current study but might be 
applicable for future analysis (e.g. regarding functionality) 
and are listed for the sake of completeness. The data and 
information in Table 1 represent the base of operations for the 
subsequently presented cluster analyses (cf. section 4).
4. Methodology – cluster analytics
The cluster analysis is a method to find similarities of 
objects in data sets by comparing their parameters. The goal is 
to detect new groups of objects in between these data sets.
For purposes of this paper, an agglomerative hierarchical 
clustering method was used. That implies that initially each 
object in the data set is treated to be a cluster. During the 
algorithm, the clusters are unified based on the similarity of 
the objects in the different clusters regarding the analysed 
parameters as well as a linkage criterion. The similarity is 
expressed by the distance between the objects calculated 
using Euclidean metric. The parameters are equally scaled for 
a balanced consideration. Furthermore, Ward’s method was 
chosen to be the linkage criterion [4]:
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In equation (1) ݊௜ is the number of elements in the 
respective cluster i and ܿҧ௜ is the centroid of the respective 
cluster i. It follows that clusters are unified if the increase of 
the multivariate variance is a minimum.
5. Product cluster analysis – fridge-freezer case study
The analysis is based on the “fridge-freezer” case study. 
Different combinations of parameters were considered using 
cluster analysis. The results are shown in the following 
subsections.
5.1. Bivariate cluster analysis
In a first step, the data set was analysed regarding 
similarities of the parameters of the annual and the specific 
energy consumption (cf. Table 2). The result of this bivariate 
cluster analysis is shown in Fig. 1.
Table 2. Parameters of the bivariate cluster analysis.
1 Annual energy consumption (test results) [kWh year-1]
2 Specific energy consumption (test results) [kWh]
In Fig. 1 it is shown that this bivariate cluster analysis 
results in two clusters. Cluster 1 represents fridge-freezers 
with low specific energy consumption as well as low annual 
energy consumption while the devices in cluster 2 have higher 
annual and specific energy consumptions. For comparison 
purpose the fridge-freezers were separated regarding their 
energy efficiency class and illustrated in Fig. 2 using the same 
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axis definitions. It can be seen that the devices with an energy 
efficiency class of A+++ correspond to the devices unified in 
cluster 1 by using the cluster analysis. Equivalently, the 
devices with an energy efficiency class of A++ correspond to 
the devices unified in cluster 2.
Fig. 1. Bivariate cluster analysis regarding annual and specific energy 
consumptions.
This is not surprising since the energy efficiency class
depends highly on the specific energy consumption but it 
indicates the possibilities of cluster analysis finding devices 
with similar properties using this simple example.
Fig. 2. Data set of fridge-freezers separated by the energy efficiency class.
In the following the influence of further parameters on 
sustainability are analysed.
5.2. Multivariate cluster analysis
Concerning sustainability and performance of the fridge-
freezers the parameters for cooling and freezing of warm 
samples are of deeper interest. The cooling and freezing 
performance were experimentally determined by measuring 
the time for cooling samples with a temperature of T1 = 25°C 
to T2 = 10°C and freezing samples with a temperature of T1 = 
25°C to T3 = -18°C. Additionally the energy consumption for 
cooling the samples with a temperature of T1 = 25°C to T2 = 
10°C were measured. A multivariate cluster analysis was 
performed regarding the three parameters representing the 
cooling and freezing performance of the fridge-freezers (cf. 
Table 3). The results are shown in Fig. 3 two-dimensionally 
with regard to the parameters of cooling time and energy 
consumption for cooling.
Table 3. Parameters of the multivariate cluster analysis regarding cooling and 
freezing performance.
1 Refrigeration time [h]
2 Freezing time [h]
3 Energy consumption for cooling [kWh]
It can be observed that cluster 1 unifies fridge-freezers 
which are characterized by low cooling time and low energy 
consumption for cooling. Cluster 2 contains devices with a 
cooling time similar to the devices in cluster 1 but with higher 
energy consumption. Cluster 3 contains fridge-freezers with 
higher cooling time and higher energy consumption.
Fig. 3. Two-dimensional illustration of multivariate cluster analysis regarding 
cooling and freezing performance.
Besides the cooling and freezing performance the isolation 
of fridge-freezers is also of deeper interest concerning 
sustainability. Inferences from the isolation of a fridge-freezer 
can be drawn by considering the difference of the outer 
volume and the specific storage volume (isolation reference). 
Furthermore, the warming time of samples in the devices after 
power loss were measured in experiments. This temperature 
rise test consists of four separate experiments measuring the 
time for warming of samples in the fridge-freezers after power 
loss (cf. Table 4).
The result of the multivariate cluster analysis regarding the 
four experiments for warming after power loss as well as the 
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estimated isolation reference (cf. Table 5) are shown in Fig. 4
by a two-dimensional illustration.
Table 4. Reference temperatures for measuring the warming time of samples 
in fridge-freezers after power loss.
Experiment Temperature 1 Temperature 2
1 +6°C +9°C
2 +7°C +10°C
3
4
-18°C
-18°C
-9°C
-16°C
Table 5. Parameters of the multivariate cluster analysis regarding isolation.
1 Warming time experiment 1 [h]
2 Warming time experiment 2 [h]
3 Warming time experiment 3 [h]
4 Warming time experiment 4 [h]
5 Isolation reference [dm3]
Fig. 4. Two-dimensional illustration of multivariate cluster analysis regarding 
isolation of fridge-freezers.
It can be observed that devices with a higher isolation 
reference and a long warming time are grouped in cluster 1. 
Cluster 2 contains devices with a long warming time and a 
lower isolation reference while devices with lower isolation 
references and short warming time are grouped in cluster 3. It 
must be noted, that Fig. 3 as well as Fig. 4 represent results of 
multivariate cluster analysis in a two-dimensional manner 
considering two parameters for illustration purposes. 
Therefore, the illustrated clustering might not be as easily 
comprehensible as it would be by illustrating all parameters.
5.3. Comprehensive cluster analysis
A comprehensive cluster analysis including parameters for
annual and specific energy consumption, cooling and freezing 
performance and isolation (cf. Table 6) was done to verify the 
influence of all relevant parameters regarding sustainability.
The result of the comprehensive cluster analysis (cf. Fig. 5) is 
plotted two-dimensional by means of the annual and the 
specific energy consumption to attain comparability to Fig. 1
and Fig. 2.
Fig. 5. Two-dimensional comprehensive cluster analysis including annual and 
specific energy consumption, cooling and freezing performance and isolation.
Comparison of Fig. 5 and Fig. 2 shows that most of the 
devices with an energy efficiency class of A+++ are grouped 
in cluster 2 and most of the devices with an energy efficiency 
class of A++ are grouped in cluster 2 and 3. Furthermore, it 
can be observed, that one device belonging to the group of 
fridge-freezers with an energy efficiency class of A+++ has
highest similarity to devices belonging to the group of fridge-
freezers with an energy efficiency class of A++.
In contrast, one device belonging to the group of fridge-
freezers with an energy efficiency class of A++ has highest 
similarity to the devices belonging to the group of fridge-
freezers with an energy efficiency class of A+++. It is shown, 
that the consideration of different energy consumption 
effecting parameters results in different groups of similar
product models than in case of considering just those 
parameters which are relevant for the energy efficiency class.
Therefore, an extensive and deeper characterisation of fridge-
freezers is obtained by this cluster analysis.
Table 6. Parameters of the comprehensive multivariate cluster analysis 
regarding sustainability.
1 Annual energy consumption (test results) [kWh year-1]
2 Specific energy consumption (test results) [kWh]
3 Refrigeration time [h]
4 Freezing time [h]
5 Energy consumption for cooling [kWh]
6 Warming time experiment 1 [h]
7 Warming time experiment 2 [h]
8 Warming time experiment 3 [h]
9 Warming time experiment 4 [h]
10 Isolation reference [dm3]
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Table 7 allows a closer look on the affiliation of the 
individual fridge-freezers to its particular group resulting from 
the different cluster analysis. It can be observed that device 
number 3 with an energy efficiency class of A++ shows 
highest similarity to the devices with an energy efficiency 
class of A+++ regarding sustainability. The reasons for that 
are its cooling and freezing performance as well as its 
isolation parameters. Device number 12 has an energy 
efficiency class of A+++ but due to its cooling and freezing 
performance and especially because of its isolation 
parameters, higher similarity to devices with an energy 
efficiency class of A++ can be noticed.
Table 7. Overview of affiliation of the 14 fridge-freezer concerning the 
separate cluster analysis.
Device 
number
Bivariate  Multivariate Comprehensive
Annual and 
specific 
energy 
consumption 
(cf. Table 2)
Cooling and 
freezing 
performance 
(cf. Table 3)
Isolation 
(cf. Table 5)
Sustainability 
(cf. Table 6)
1 Cluster 2 Cluster 3 Cluster 3 Cluster 3
2 Cluster 2 Cluster 3 Cluster 3 Cluster 3
3 Cluster 2 Cluster 1 Cluster 2 Cluster 1
4 Cluster 2 Cluster 3 Cluster 3 Cluster 3
5 Cluster 2 Cluster 2 Cluster 3 Cluster 2
6 Cluster 2 Cluster 3 Cluster 2 Cluster 3
7 Cluster 2 Cluster 3 Cluster 2 Cluster 3
8 Cluster 2 Cluster 2 Cluster 3 Cluster 2
9 Cluster 2 Cluster 2 Cluster 3 Cluster 2
10 Cluster 1 Cluster 2 Cluster 1 Cluster 1
11 Cluster 1 Cluster 1 Cluster 1 Cluster 1
12 Cluster 1 Cluster 2 Cluster 3 Cluster 2
13 Cluster 1 Cluster 1 Cluster 1 Cluster 1
14 Cluster 1 Cluster 1 Cluster 1 Cluster 1
6. Summary and outlook
This paper shows results of cluster analysis with regard to 
similarities related to parameters describing “energy 
consumption”, “cooling and freezing performance”, 
“isolation” and “sustainability” by comparing data sets of 
different fridge-freezer models. It can be observed that 
different groups of similar devices can be generated 
considering different parameter sets. By means of the cluster 
analysis strengths and weaknesses of individual product 
models in comparison to the product fleet can be revealed 
regarding certain criteria like sustainability. For customers a 
higher transparency and comparability is created while 
manufactures gain the opportunity to dissociate from business 
competitors and to detect advantages concerning the market 
situation.
Further analysis is reasonable for larger data sets. With an 
increase of the number of devices, the clustering of the 
different groups containing devices with similar 
characteristics would be of higher detail. In addition, an 
analysis concerning different distance and linkage criteria (cf. 
section 4) would be of current interest.
Additionally, further dependent variables like functionality 
can be taken into account using parameters of the data set 
which were not considered for cluster analysis in this study 
(e.g. storage area, airborne acoustical noise emissions).
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